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Chapter 11
Adjustment of GPS Surveys

11-1. General

Differential carrier phase GPS survey observations are
adjusted no differently from conventional surveys. Each
three-dimensional GPS baseline vector is treated as a
separate distance observation and adjusted as part of a
trilateration network. A variety of techniques may be
used to adjust the observed GPS baselines to fit existing
control. Since GPS survey networks often contain redun-
dant observations, they are usually (but not always)
adjusted by some type of rigorous least squares minimiza-
tion technique. This chapter describes some of the
methods used to perform horizontal GPS survey adjust-
ments and provides guidance in evaluating the adequacy
and accuracy of the adjustment results.

11-2. GPS Error Measurement Statistics

In order to understand the adjustment results of a GPS
survey, some simple statistical terms should be
understood.

a. Accuracy. Accuracy is how close a measurement
or a group of measurements are in relation to a “true” or
“known” value.

b. Precision. Precision is how close a group or
sample of measurements are to each other. For example,
a low standard deviation indicates high precision. It is
important to understand that a survey or group of meas-
urements can have a high precision but a low accuracy
(i.e., measurements are close together but not close to the
known or true value).

c. Standard deviation. The standard deviation is a
range of how close the measured values are from the
arithmetic average. A low standard deviation indicates
that the observations or measurements are close together.

11-3. Adjustment Considerations

a. This chapter deals primarily with the adjustment
of horizontal control established using GPS observations.
Although vertical elevations are necessarily carried
through the baseline reduction and adjustment process, the
relative accuracy of these elevations is normally inade-
quate for engineering and construction purposes. Special
techniques and constraints are necessary to determine

approximate orthometric elevations from relative GPS
observations, as was covered in Chapter 6.

b. The baseline reduction process (described in
Chapter 10) directly provides the raw relative position
coordinates which are used in a 3D GPS network adjust-
ment. In addition, and depending on the manufacturer’s
software, each reduced baseline will contain various ori-
entation parameters, covariance matrices, and cofactor
and/or correlation statistics which may be used in weigh-
ing the final network adjustment. Most least squares
adjustments use the accuracy or correlation statistics from
the baseline reductions; however, other weighing methods
may be used in a least squares or approximate adjustment.

c. The adjustment technique employed (and time
devoted to it) must be commensurate with the intended
accuracy of the survey, as defined by the project require-
ments. Care must be taken to prevent the adjustment
process from becoming a project in itself.

d. There is no specific requirement that a rigorous
least squares type of adjustment be performed on USACE
surveys, whether conventional, GPS, or mixed observa-
tions. Traditional approximate adjustment methods may
be used in lieu of least squares and will provide compa-
rable practical accuracy results.

e. Commercial software packages designed for
higher order geodetic densification surveys often contain a
degree of statistical sophistication which is unnecessary
for engineering survey control densification (i.e., Second-
Order or less). For example, performing repeated chi-
square statistical testing on observed data intended for
1:20,000 base mapping photogrammetric control may be
academically precise but, from a practical engineering
standpoint, is inappropriate. The distinction between
geodetic surveying and engineering surveying must be
fully considered when performing GPS survey adjust-
ments and analyzing the results thereof.

f. Connections and adjustments to existing control
networks, such as the NGRS, must not become indepen-
dent projects. It is far more important to establish dense
and accurate local project control than to consume
resources tying into First-Order NGRS points miles from
the project. Engineering, construction, and property/
boundary referencing requires consistent local control with
high relative accuracies; accurate connections/references
to distant geodetic datums are of secondary importance.
(Exceptions might involve projects in support of military
operations.) The advent of GPS surveying technology has
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provided a cost-effective means of tying previously poorly
connected USACE projects to the NGRS, and simulta-
neously transforming the project to the newly defined
NAD 83. In performing (adjusting) these connections,
care must be taken not to distort or warp long-established
project construction/boundary reference points.

11-4. Survey Accuracy

a. General. The accuracy of a survey (whether per-
formed using conventional or GPS methods) is a measure
of the difference between observed values and the true
values (coordinates, distance, angle, etc.). Since the true
values are rarely known, only estimates of survey accu-
racy can be made. These estimates may be based on the
internal observation closures, such as on a loop traverse,
or connections with previously surveyed points assumed
to have some degree of reliability. The latter case is typi-
cally a traverse (GPS or conventional) between two previ-
ously established points, either existing USACE project
control or the published NGRS network.

(1) GPS internal accuracies are typically far superior
to most previously established control networks (including
the NAD 83 NGRS). Therefore, determining the accuracy
of a GPS survey based on misclosures with external
points is not always valid unless statistical accuracy esti-
mates (i.e., station variance-covariance matrices, distance/
azimuth relative accuracy estimates, etc.) from the exter-
nal network’s original adjustment are incorporated into the
closure analysis for the new GPS work. Such refinements
are usually unwarranted for most USACE work.

(2) Most survey specifications and standards (includ-
ing USACE) classify accuracy as a function of the result-
ant relative accuracy between two usually adjacent points
in a network. This resultant accuracy is estimated from
the statistics in an adjustment, and is defined by the size
of a 2D or 3D relative error ellipse formed between the
two points. Relative distance, azimuth, or elevation accu-
racy specifications and classifications are derived from
this model, and are expressed either in absolute values
(e.g., ±1.2 cm or ±3.5 in.) or as ratios of the propagated
standard errors to the overall length (e.g., 1:20,000).

b. Internal accuracy. A loop traverse originating
and ending from a single point will have a misclosure
when observations (i.e., EDM traverse angles/distances or
GPS baseline vectors) are computed forward around the
loop back to the starting point. The forward-computed
misclosure provides an estimate of the relative or internal
accuracy of the observations in the traverse loop, or more
correctly, the internal precision of the survey. This is

perhaps the simplest method of evaluating the adequacy
of a survey. (These point misclosures, usually expressed
as ratios, are not the same as relative distance accuracy
measures.)

(1) Internal accuracy estimates made relative to a
single fixed point are obtained when so-called free,
unconstrained, or minimally constrained adjustments are
performed. In the case of a single loop, no redundant
observations (or alternate loops) back to the fixed point
are available. When a series of GPS baseline loops (or
network) are observed, then the various paths back to the
single fixed point provide multiple position computations,
allowing for a statistical analysis of the internal accuracy
of not only the position closure but also the relative accu-
racies of the individual points in the network (including
relative distance and azimuth accuracy estimates between
these points). The magnitude of these internal relative
accuracy estimates (on a free adjustment) determines the
adequacy of the control for subsequent design, construc-
tion, and mapping work.

(2) Loop traverses are discouraged for most conven-
tional surveys due to potential systematic distance or ori-
entation errors which can be carried through the network
undetected. FGCS classification standards for geodetic
surveys do not allow traverses to start and terminate at a
single point. Such procedures are unacceptable for incor-
poration into the NGRS network; however, due to many
factors (primarily economic), loop traverses or open-ended
spur lines are commonly employed in densifying project
control for engineering and construction projects. Since
such control is not intended for inclusion in the NGRS
and usually covers limited project ranges, such practices
have been acceptable. Such practices will also be accept-
able for GPS surveys performed in support of similar
engineering and construction activities.

c. External accuracy. The coordinates (and refer-
ence orientation) of the single fixed starting point will
also have some degree of accuracy relative to the network
in which it is located, such as the NGRS if it was estab-
lished relative to that system/datum. This “external”
accuracy (or inaccuracy) is carried forward in the traverse
loop or network; however, any such external variance (if
small) is generally not critical to engineering and con-
struction. When a survey is conducted relative to two or
more points on an existing reference network, such as
USACE project control or the NGRS, misclosures with
these fixed control points provide an estimate of the
“absolute” accuracy of the survey. This analysis is usu-
ally obtained from a final adjustment, usually a fully
constrained least squares minimization technique or by
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other recognized traverse adjustment methods (Transit,
Compass, Crandall, etc.).

(1) This absolute accuracy estimate assumes that the
fixed (existing) control is superior to the survey being
performed, and that any position misclosures at connect-
ing points are due to internal observational errors and not
the existing control. This has always been a long-estab-
lished and practical assumption and has considerable legal
basis in property/boundary surveying. New work is
rigidly adjusted to existing control regardless of known or
unknown deficiencies in the fixed network.

(2) Since the relative positional accuracies of points
on the NGRS are known from the NAD 83 readjustment,
and GPS baseline vector accuracy estimates are obtained
from the individual reductions, variations in misclosures
in GPS surveys are not always due totally to errors in the
GPS work. Forcing a GPS traverse/network to rigidly fit
the existing (fixed) network usually results in a degrada-
tion of the internal accuracy of the GPS survey, as com-
pared with a free (unconstrained) adjustment.

11-5. Internal versus External Accuracy

Classical geodetic surveying is largely concerned with
absolute accuracy, or the best-fitting of intermediate sur-
veys between points on a national network, such as the
NGRS. Alternatively, in engineering and construction
surveying, and to a major extent in boundary surveying,
relative, or local, accuracies are more critical to the proj-
ect at hand. Thus, the absolute NAD 27 or NAD 83
coordinates (in latitude and longitude) relative to the
NGRS datum reference are of less importance; however,
accurate relative coordinates over a given project reach
(channel, construction site, levee section, etc.) are critical
to design and construction.

a. For example, in establishing basic mapping and
construction layout control for a military installation,
developing a dense and accurate internal (or relative) con-
trol network is far more important than the values of these
coordinates relative to the NGRS.

b. On flood control and river and harbor navigation
projects, defining channel points must be accurately refer-
enced to nearby shore-based control points. These points,
in turn, directly reference boundary/right-of-way points
and are also used for dredge/construction control. Abso-
lute coordinates (NGRS/NAD) of these construction
and/or boundary reference points are of less importance.

c. Surveys performed with GPS, and final adjust-
ments thereof, should be configured/designed to establish
accurate relative (local) project control; of secondary
importance is connection with NGRS networks.

d. Although reference connections with the NGRS
are desirable and recommended, and should be made
where feasible and practicable, it is critical that such con-
nections (and subsequent adjustments thereto) do not dis-
tort the internal (relative) accuracy of intermediate points
from which design, construction, and/or project bound-
aries are referenced.

e. Connections and adjustments to distant networks
(i.e., NGRS) can result in mixed datums within a project
area, especially if not all existing project control has been
tied in. This in turn can lead to errors and contract dis-
putes during both design and construction. On existing
projects with long-established reference control, connec-
tions and adjustments to outside reference datums/
networks should be performed with caution. The impacts
on legal property and project alignment definitions must
also be considered prior to such connections. (See also
paragraph 8-3d.)

f. On newly authorized projects, or on projects
where existing project control has been largely destroyed,
reconnection with the NGRS is highly recommended.
This will ensure that future work will be supported by a
reliable and consistent basic network, while minimizing
errors associated with mixed datums.

11-6. Internal and External Adjustments

GPS-performed surveys are usually adjusted and analyzed
relative to their internal consistency and external fit with
existing control. The internal consistency adjustment (i.e.,
free or minimally constrained adjustment) is important
from a contract compliance standpoint. A contractor’s
performance should be evaluated relative to this adjust-
ment. The final, or constrained, adjustment fits the GPS
survey to the existing network. This is not always easily
accomplished since existing networks often have lower
relative accuracies than the GPS observations being fit.
Evaluation of a survey’s adequacy should not be based
solely on the results of a constrained adjustment.

11-7. Internal or Geometric Adjustment

This adjustment is made to determine how well the base-
line observations fit or internally close within themselves.
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(Other EDM distances or angles may also be included in
the adjustment.) It is referred to as a free adjustment.
This adjustment provides a measure of the internal preci-
sion of the survey.

a. In a simplified example, a conventional EDM tra-
verse which is looped back to the starting point will
misclose in both azimuth and position, as shown in Fig-
ure 11-1. Classical “approximate” adjustment techniques
(e.g., Transit, Compass, Bowditch, Crandall) will typically
assess the azimuth misclosure, proportionately adjust the
azimuth misclosure (usually evenly per station), recom-
pute the traverse with the adjusted azimuths, and obtain a
position misclosure. This position misclosure (in X
and Y) is then distributed among all the points on the
traverse using various weighing methods (distance, lati-
tudes, departures, etc.). Final adjusted azimuths and dis-
tances are then computed from grid inverses between the
adjusted points. The adequacy/accuracy of such a tra-
verse is evaluated based on the azimuth misclosure and
position misclosure after azimuth adjustment (usually
expressed as a ratio to the overall length of the traverse).

b. A least squares adjustment of the same conven-
tional loop traverse will end up adjusting the points sim-
ilarly to the approximate methods traditionally employed.
The only difference is that a least squares adjustment
simultaneously adjusts both observed angles (or direc-
tions) and distance measurements. A least squares
adjustment also allows variable weighting to be set for
individual angle/distance observations, which is a some-
what more complex process when approximate adjust-
ments are performed. In addition, a least squares
adjustment will yield more definitive statistical results of
the internal accuracies of each observation and/or point,
rather than just the final closure. This includes estimates
of the accuracies of individual station X-Y coordinates,
relative azimuth accuracies, and relative distance
accuracies.

c. A series of GPS baselines forming a loop off a
single point can be adjusted and assessed similarly to a
conventional EDM traverse loop described ina above (see
Figure 11-1). The baseline vector components may be
computed (accumulated) around the loop with a resultant
3D misclosure back at the starting point. These mis-
closures (in X, Y, and Z) may be adjusted using either
approximate or least squares methods. The method by
which the misclosure is distributed among the interme-
diate points in the traverse is a function of the adjustment
weighting technique.

Figure 11-1. Conventional EDM and GPS traverse
loops

(1) In the case of a simple EDM traverse adjust-
ment, the observed distances (or position corrections) are
weighted as a function of the segment length and the
overall traverse length (Compass Rule), or to the overall
sum of the latitudes/departures (Transit Rule). Two-
dimensional EDM distance observations are not dependent
on their direction; that is, a distance’s X- and Y-compo-
nents are uncorrelated.
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(2) GPS baseline vector components (in X, Y, and Z)
are correlated due to the geometry of the satellite solution;
that is, the direction of the baseline vector is significant.
Since the satellite geometry is continuously changing,
remeasured baselines will have different correlations
between the vector components. Such data are passed
down from the baseline reduction software for use in the
adjustment.

d. The magnitude of the misclosure (i.e., loop clo-
sure) of the GPS baseline vectors at the initial point pro-
vides an estimate of the internal precision or geometric
consistency of the loop (survey). When this misclosure is
divided by the overall length of the baselines, an internal
relative accuracy estimate results. This misclosure ratio
should not be less than the relative distance accuracy
classification intended for the survey, per Table 8-1.

(1) For example, if the position misclosure of a GPS
loop is 0.08 m and the length of the loop is 8,000 m, then
the loop closure is 0.08/8,000 or 1 part in 100,000
(1:100,000).

(2) When an adjustment is performed, the individual
corrections/adjustments made to each baseline (so-called
residual errors) provide an accuracy assessment for each
baseline segment. A least squares adjustment can addi-
tionally provide relative distance accuracy estimates for
each line, based on standard error propagation between
adjusted points. This relative distance accuracy estimate
is most critical to USACE engineering and construction
work and represents the primary basis for assessing the
acceptability of a survey.

11-8. External or Fully Constrained Adjustment

The internal “free” geometric adjustment provides
adjusted positions relative to a single, often arbitrary,
fixed point. Most surveys (conventional or GPS) are con-
nected between existing stations on some predefined ref-
erence network or datum. These fixed stations may be
existing project control points (on NAD 27--SPCS 27) or
stations on the NGRS (NAD 83). In OCONUS locales,
other local or regional reference systems may be used. A
constrained adjustment is the process used to best fit the
survey observations to the established reference system.

a. A simple conventional EDM traverse (Fig-
ure 11-2) between two fixed stations best illustrates the
process by which comparable GPS baseline vectors are
adjusted. As with the loop traverse described in para-
graph 10-8, the misclosure in azimuth and position
between the two fixed end points may be adjusted by any

type of approximate or least squares adjustment method.
Unlike a loop traverse, however, the azimuth and position
misclosures are not wholly dependent on the internal
errors in the traverse--the fixed points and their azimuth
references are not absolute, but contain relative inaccura-
cies with respect to one another.

Figure 11-2. Constrained adjustment between two
fixed points

b. A GPS survey between the same two fixed points
also contains a 3D position misclosure. Due to positional
uncertainties in the two fixed network points, this mis-
closure may (and usually does) far exceed the internal
accuracy of the raw GPS observations. As with a con-
ventional EDM traverse, the 3D misclosures may be
approximately adjusted by proportionately distributing
them over the intermediate points. A least squares adjust-
ment will also accomplish the same thing.
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c. If the GPS survey is looped back to the initial
point, the free adjustment misclosure at the initial point
may be compared with the apparent position misclosure
with the other fixed point. In Figure 11-2, the free adjust-
ment loop misclosure is 1:100,000 whereas the misclosure
relative to the two network control points is only 1:5,000.
Thus, the internal relative accuracy of the GPS survey is
on the order of 1 part in 100,000 (based on the misclo-
sure); if the GPS baseline observations are constrained to
fit the existing control, the 0.6-m external misclosure must
be distributed among the individual baselines to force a fit
between the two end points.

(1) After a constrained adjustment, the absolute posi-
tion misclosure of 0.6 m causes the relative distance accu-
racies between individual points to degrade. They will be
somewhat better than 1:5,000 but far less than 1:100,000.
The statistical results from a constrained least squares
adjustment will provide estimates of the relative accura-
cies between individual points on the traverse.

(2) This example also illustrates the advantages of
measuring the baseline between fixed network points
when performing GPS surveys, especially when weak
control is suspected (as in this example).

(3) Also illustrated is the need for making additional
ties to the existing network. In this example, one of the
two fixed network points may have been poorly controlled
when it was originally established, or the two points may
have been established from independent networks (i.e.,
were never connected). A third or even fourth fixed point
would be beneficial in resolving such a case.

d. If the intent of the survey shown in Figure 11-2
was to establish 1:20,000 relative accuracy control, con-
necting between these two points obviously will not pro-
vide that accuracy given the amount of adjustment that
must be applied to force a fit. For example, if one of the
individual baseline vectors was measured at 600 m and
the constrained adjustment applied a 0.09-m correction in
this sector, the relative accuracy of this segment would be
roughly 1:6,666. This distortion would not be acceptable
for subsequent design/construction work performed in this
area.

e. Most GPS survey networks are more complex
than the simple traverse example in Figure 11-2. They
may consist of multiple loops and may connect with any
number of control points on the existing network. In
addition, conventional EDM, angles, and differential level-
ing measurements may be included with the GPS

baselines, resulting in a complex network with many
adjustment conditions.

11-9. Partially Constrained Adjustments

In the previous example of the simple GPS traverse, hold-
ing the two network points rigidly fixed caused an
adverse degradation in the GPS survey, based on the
differences between the free (loop) adjustment and the
fully constrained adjustment. Another alternative is to
perform a semiconstrained (or partially constrained)
adjustment of the net. In a partially constrained adjust-
ment, the two network points are not rigidly fixed but
only partially fixed in position. The degree to which the
existing network points are constrained may be based on
their estimated relative accuracies or, if available, their
original adjustment positional accuracies (covariance
matrices). Partially constrained adjustments are not prac-
ticable using approximate adjustment techniques; only
least squares will suffice.

a. For example, if the relative distance accuracy
between the two fixed network points in Figure 11-2 is
approximately 1:10,000, this can be equated to a posi-
tional uncertainty between them. Depending on the type
and capabilities of the least squares adjustment software,
the higher accuracy GPS baseline observations can be best
fit between the two end points such that the end points of
the GPS network are not rigidly constrained to the origi-
nal and two control points but will end up falling near
them.

b. Adjustment software will allow relative weighting
of the fixed points to provide a partially constrained
adjustment. Any number of fixed points can be connected
to, and these points may be given partial constraints in the
adjustment.

c. Performing partially constrained adjustments (as
opposed to a fully constrained adjustment) takes advan-
tage of the inherent higher accuracy GPS data relative to
the existing network control, which is traditionally weak
on many USACE project areas. Less warping of the GPS
data (due to poor existing networks) will then occur.

d. A partial constraint also lessens the need for per-
forming numerous trial-and-error constrained adjustments
in attempts to locate poor external control points causing
high residuals. Fewer ties to the existing network need be
made if the purpose of such ties was to find a best fit on
a fully constrained adjustment.
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e. When connections are made to the NAD 83, rela-
tive accuracy estimates of NGRS stations can be obtained
from the NGS. Depending on the type of adjustment
software used, these partial constraints may be in the form
of variance-covariance matrices, error ellipses, or circular
accuracy estimates.

11-10. Approximate Adjustments of GPS
Networks

Simply constructed GPS networks used for establishing
lower order (i.e., Second-Order and lower) USACE con-
trol can be effectively adjusted using approximate adjust-
ment techniques, or adjustments which approximate the
more rigorous least squares solution. Although least
squares solutions may be theoretically superior to approxi-
mate methods, the resultant differences between the
adjustments are generally not significant from a practical
engineering standpoint.

a. Given the high cost of commercial geodetic
adjustment software, coupled with the adjustment com-
plexity of these packages, approximate adjustment meth-
ods are allowed for in-house and contracted surveys.

b. In practice, any complex GPS survey network
may be adjusted by approximate methods. If the main
loop/line closures are good, redundant ties to other fixed
network points may be used as checks rather than being
rigidly adjusted.

c. In some cases it is not cost-effective to perform
detailed and time-consuming least squares adjustments on
GPS project control surveys requiring only 1:5,000 or
1:10,000 engineering/construction/boundary location accu-
racy. If internal loop closures are averaging over
1:200,000, then selecting any simple series of connecting
baselines for an approximate adjustment will yield ade-
quate resultant positional and relative distance accuracies
for the given project requirements. If a given loop/
baseline series of say five points miscloses by 0.01 ft over
1,000 m (1:100,000), a case can be made for not even
making any adjustment if a relative accuracy of only
1:5,000 is required between points.

d. Any recognized approximate adjustment method
may be used to distribute baseline vector misclosures.
The method used will depend on the magnitude of the
misclosure to be adjusted and the desired accuracy of the
survey. These include the following:

(1) Simple proportionate distribution of loop/line
position misclosures among the new station coordinates.

(2) Compass Rule.

(3) Transit Rule.

(4) Crandall Method.

(5) No adjustment. Use raw observations if mis-
closures are negligible.

e. Approximate adjustments are performed using the
3D earth-centered X-Y-Z coordinates. The X-Y-Z coordi-
nates for the fixed points are computed using the trans-
form algorithms shown inf below or obtained from the
baseline reduction software. Coordinates of intermediate
stations are determined by using the baseline vector com-
ponent differences (∆X, ∆Y, ∆Z) which are obtained
directly from the baseline reductions. These differences
are then accumulated (summed) forward around a loop or
traverse connection, resulting in 3D position coordinate
misclosures at the loop nodes and/or tie points. These
misclosures are then adjusted by any of the methods ind
above. GPS vector weighting is accomplished within the
particular adjustment method used; there is no need to
incorporate the standard errors from the baseline reduc-
tions into the adjustment. Internal survey adequacy and
acceptance are performed based on the relative closure
ratios, as in conventional traversing criteria (see FGCC
1984). Final local datum coordinates are then trans-
formed back from the X-Y-Z coordinates.

f. Given a loop of baseline vectors between two
fixed points (or one point looped back on itself), the fol-
lowing algorithms may be used to adjust the observed
baseline vector components and compute the adjusted
station geocentric coordinates.

(1) Given: Observed baseline vector components
∆Xi, ∆Yi, ∆Zi for each baselinei (total of n baselines in
the loop/traverse). The 3D length of each baseline isl i,
and the total length of the loop/traverse isL.

(2) The misclosures (dx, dy, and dz) in all three
coordinates are computed from:

(11-1)

dx XF

i n

i 1

∆Xi XE

dy YF

i n

i 1

∆Yi YE

dz ZF

i n

i 1

∆Zi ZE
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Where XF, YF, and ZF are the fixed coordinates of the
starting point andXE, YE, and ZE are the coordinates of
the end point of the loop/traverse. (These misclosures
would also be used to assess the internal accuracy of the
work.)

(3) Adjustments (δxi, δyi, δzi) to each baseline vector
component may be computed using either the Compass
Rule:

(11-2)

δxi dx










l i

L

δyi dy










l i

L

δzi dz










l i

L

or the Transit Rule:

(11-3)

δxi dx










∆Xi

∆Xi

δyi dy










∆Yi

∆Yi

δzi dz










∆Zi

∆Zi

(4) The adjusted vector components are computed
from:

(11-4)
∆X a

i ∆Xi δxi

∆Y a
i ∆Yi δyi

∆Z a
i ∆Zi δzi

(5) The final geocentric coordinates are then com-
puted by summing the adjusted vector components from
Equation 11-4 above:

(11-5)
X a

i XF Σ∆X a
i

Y a
i YF Σ∆Y a

i

Z a
i ZF Σ∆Z a

i

g. Example of an approximate GPS survey
adjustment:

(1) Fixed control points from the U.S. Army Yuma
Proving Ground GPS Survey (May 1990) (see
Figure 11-3):

Figure 11-3. Yuma GPS traverse sketch

PGT NO 2:

XF = (-) 2205 949.0762

YF = (-) 4884 126.7921

ZF = + 3447 135.1550

CONTRAVES G:

XE = (-) 2188 424.3707

YE = (-)4897 740.6844

ZE = + 3438 952.8159

(XYZ geocentric coordinates were computed from
GP-XYZ transform using Equations 11-6 and 11-7 below)

la, lb, lc = observed GPS baseline vectors
(from baseline reductions)

and PLR 8.5 and PLR 17 are the points to be adjusted.

(2) Misclosures inX, Y, andZ (from Equation 11-1):
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(-)2205 949.0762XF (-)4884 126.7921YF

+3 777.9104 Xa (-)6 006.8201 Ya

+7 859.4707 Xb (-)3 319.1092 Yb

+5 886.8716 Xc (-)4 288.9638 Yc

-(-)2188 424.3707XE -(-)4897 740.6844YE

____________________ ____________________

dx = (-) 0.4528 dy = (-) 1.0008

3447 135.1550ZF

(-)6 231.5468 Za

+ 400.1902 Zb

(-)2 350.2230 Zc

- 3438 952.8159ZE

__________________

dz = + 0.7595

(3) Linear 3D misclosure:

= (0.45282 + 1.00082 + 0.75952)½ = 1.335 m

or 1 part in 25,638.2/1.335 = 1:19,200

(Note: This is a constrained misclosure check, not free)

(4) Compass Rule adjustment:

(a) Compass Rule misclosure distribution:

la = 9,443.869 la/L = 0.368
lb = 8,540.955 lb/L = 0.333
lc = 7,653.366 lc/L = 0.299
__ ___________ ____________
L = 25,638.190 ∑ = 1.000

(b) Compass Rule adjustment to GPS vector compo-
nents using Equation 11-2:

Vector δx δy δz

A
B
C

0.1666
0.1508
0.1354
(+0.4528)

0.3683
0.3333
0.2992
(+1.0008)

(-) 0.2795
(-) 0.2529
(-) 0.2271
((-)0.7595) Check

(c) Adjusted baseline vectors (Equation 11-4):

Vector ∆Xa ∆Ya ∆Za

A
B
C

3778.0770
7859.6215
5887.0070

(-)6006.4518
(-)3318.7759
(-)4288.6646

(-)6231.8263
399.9373

(-)2350.4501

(d) Final adjusted coordinates (Equation 11-5):

(e) Adjusted geocentric coordinates are transformed

Xa Ya

PGT No. 2
PLR 8.5
PLR 17
Contraves G

(Check)

(-)2205 949.0762
(-)2202 170.9992
(-)2194 311.3777
(-)2188 424.3707

(-)4884 126.7921
(-)4890 133.2439
(-)4893 452.0198
(-)4897 740.6844

Za

PGT No. 2
PLR 8.5
PLR 17
Contraves G

(Check)

+3447 135.1550
+3440 903.3287
+3441 303.2660
+3438 952.8159

to φ, λ, h, using Equations 11-9 through 11-13. Geo-
graphic coordinates may then be converted to local SPCS
(either NAD 83 or NAD 27) project control using
USACE program CORPSCON.

(5) Transit Rule adjustment.

(a) Distribution of GPS vector misclosures using
Equation 11-3:

∑∆Xi = 3777.9104 + 7859.4707 + 5886.8716
= 17,524.2527

Similarly,

∑∆Yi = 13,614.8931

∑∆Zi = 8,981.9600

δxi dx










∆Xi

∆Xi

( ) 0.4528
17,524.2527

∆Xi

2.584 × 105 ∆Xi
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Similarly,

δyi 7.351 × 105 ∆Yi

δzi ( )8.456 × 105 ∆Zi

(b) Adjustments to baseline vector components using
Transit Rule (Equation 11-3):

Vector δx δy δz

A
B
C
(check)

0.0976
0.2031
0.1521

(0.4528)

0.4415
0.2440
0.3153

(1.0008)

(-)0.5269
(-)0.0338
(-)0.1987
(- 0.7595)

(c) Adjusted baseline vectors (Equation 11-4):

Vector ∆Xa ∆Ya ∆Za

A
B
C

3 778.0080
7 859.6738
5 887.0237

(-)6 006.3786
(-)3 318.8652
(-)4 288.6485

(-)6 232.0737
+ 400.1564

(-)2 350.4217

(d) Final adjusted coordinates (Equation 11-5):

Xa Ya

PGT No. 2
PLR 8.5
PLR 17
Contraves G

(Check)

(-)2 205 949.0762
(-)2 202 171.0682
(-)2 194 311.3944
(-)2 188 424.3707

(-)4884 126.7921
(-)4890 133.1707
(-)4893 452.0359
(-)4897 740.6844

Za

PGT No. 2
PLR 8.5
PLR 17
Contraves G

(Check)

+3447 135.1550
+3440 903.0813
+3441 303.2377
+3438 952.8160

(6) Proportionate distribution adjustment method.

(a) Vector misclosures are simply distributed pro-
portionately over each of the three GPS baselines in the
traverse:

δx = - (-) 0.4528= + 0.1509
3

δy = - (-) 1.0008= + 0.3336
3

δz = - (-) 0.7595= (-) 0.2532
3

Vector ∆Xa ∆Ya ∆Za

A
B
C

3778.0613
7859.6216
5887.0225

(-) 6006.4865
(-) 3318.7756
(-) 4288.6302

(-) 6231.8000
+ 399.9370

(-) 2350.4762

(b) Final adjusted coordinates:

Xa Ya

PLR 8.5 (-)2202 171.0149 (-)4890 133.2786
PLR 17 (-)2194 311.3933 (-)4893 452.0542

Za

PLR 8.5 +3440 903.3550
PLR 17 +3441 303.2920

Note: Relatively large horizontal (2D) misclosure
(1:23,340) may be due to existing control inade-
quacies, not poor GPS baseline observations.

(c) Variance between adjusted coordinates yields
relative accuracies well in excess of 1:20,000; thus, if
project control requirements are only 1:10,000, then any
of the three adjustment methods may be used.

The recommended method is the Compass Rule.

Fixed coordinates of PGT No. 2 and CONTRAVES G
can be on any reference ellipsoid -- NAD 27 or NAD 83.

11-11. Geocentric Coordinate Conversions

The following algorithms for transforming between geo-
centric and geographic coordinates can be performed in
the field on a Hewlett-Packard-style hand-held calculator.

a. Geodetic to Cartesian coordinate conversion.
Given geodetic coordinates on NAD 83 (inφ, λ, H) or
NAD 27, the geocentric Cartesian coordinates (X, Y,
andZ) on the WGS 84, GRS 80, or Clarke 1866 ellipsoid
are converted directly by the following formulas.
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(11-6)

X (RN h) cos φ cos λ
Y (RN h) cos φ sin λ

Z










b 2

a 2
RN h sin φ

where

φ = latitude

λ = 360o - λW (for CONUS west longitudes)

h = the ellipsoidal elevation. If only the orthometric
elevation H is known, then that value may be
used.

The normal radius of curvatureRN can be computed from
either of the following equations:

(11-7)RN

a 2

a 2 cos2 φ b 2 sin2 φ

(11-8)RN

a

1 e2 sin2 φ

and

a (GRS 80) = 6,378,137.0 m (semimajor axis)
a (WGS 84) = 6,378,137.0 m
a (NAD 27) = 6,378,206.4 m

b (GRS 80) = 6,356,752.314 1403 m (semiminor axis)
b (WGS 84) = 6,356,752.314 m
b (NAD 27) = 6,356,583.8 m

f (GRS 80) = 1/298.257 222 100 88 (flattening)
f (WGS 84) = 1/298.257 223 563
f (NAD 27) = 1/294.978 698

e2 (GRS 80) = 0.006 694 380 222 90 (eccentricity
squared)

e2 (WGS 84) = 0.006 694 379 9910
e2 (NAD 27) = 0.006 768 658

NAD 27 = Clarke Spheroid of 1866
GRS 80 = NAD 83 reference ellipsoid

also

b = a(1 - f)

e2 = f(2 - f) = (a2 - b2) / a2

e2 = (a2 - b2) / b2

b. Cartesian to geodetic coordinate conversion. In
the reverse case, given GRS 80 X, Y, Z coordinates, the
conversion to NAD 83 geodetic coordinates (φ, λ, H) is
performed using the following noniterative method (Soler
and Hothem 1988):

(11-9)λ arc tan Y
X

The latitudeφ and heighth are computed using the fol-
lowing sequence. The initial reduced latitudeβo is first
computed:

(11-10)
tan β0

Z
p











(1 f ) e2a
r

where

p X 2 Y2

e2 2f f 2

r p 2 Z 2

Directly solving forφ andh:

(11-11)tan φ
Z(1 f ) e2a sin3 β0

(1 f ) (p ae2 cos3 β0)

(11-12)h 2 (p a cos β)2 (Z b sin β)2

where the final reduced latitudeβ is computed from

(11-13)tan β (1 f ) tan φ

c. Transforms between other OCONUS datums may
be performed by changing the ellipsoidal parametersa, b,
and f to that datum’s reference ellipsoid.

d. Example geocentric-geographic coordinate
transform.
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Geographic to geocentric (φ, λ, h to X, Y, Z) transform:

(1) Given any point:

φN = 35° 27’ 15.217"

λW = 94° 49’ 38.107"

λ = 360° - λW = 265.1727481°

h = 100 m (N = 0 assumed)

(2) Given constants (WGS 84):

a = 6,378,137 m b = a(1 - f) = 6,356,752.314

f = 1/298.257223563 e2 = f(2 - f) = 6.694380 x 11-3

RN a/(1 e2 sin2 φ)1/2 6,385,332,203
X (RN h) cos φ cos λ ( )437,710.553
Y (RN h) cos φ sin λ ( )5,182,990.319

Z










b 2

a 2
RN H sin φ 3,679,090.327

e. Geocentric (X, Y, Z) to geographic (φ, λ, H)
transform.

Inversing the above X, Y, Z geocentric coordinates:

p = (X2 + Y2)1/2 = 5,201,440.106

r = (p2 + Z2)1/2 = 6,371,081.918

βo tan 1 Z
p











(1 f ) e2a
r

35.36295229°

tan φ
Z(1 f) e2a sin3 βo

(1 f) (p ae2 cos3 βo)

0.712088398

φ = 35.45422693° = 35° 27’ 15.217"

λ = tan-1(Y/X) = 85.17274810° (= 265.17274810°)

λW = 360° - λ = 94° 49’ 38.107"

β = tan-1 [(1 - f) tan φ] = 35.36335663°

h2 = (p - a cosβ)2 + (Z - b sin β)2

= (81.458)2 + (58.004)2

h = 99.999 = 100 m

f. North American Datum of 1927 (Clarke Spheroid
of 1866). Given a point with SPCS/Project coordinates on
NAD 27, the point may be converted to X, Y, Z coordi-
nates for use in subsequent adjustments.

φN = 35° 27’ 15.217"

λW = 94° 49’ 38.107" h or H = 100 m

(NAD 27 from SPCS X-Yφ,λ conversion using USACE
program CORPSCON)

a = 6,378,206.4

b = 6,356,583.8

f = 1/294.978698

e2 = 0.006768658
(NAD 27/Clarke 1866 Spheroid)

RN

a

(1 e2 sin2 φ)1/2
6,392,765.205

X (RN h) cos φ cos λ ( ) 438,220.073 m
Y (RN h) cos φ sin λ ( ) 5,189,023.612 m

Z










b 2

a 2
RN H sin φ 3,733,466.852 m

These geocentric coordinates (on NAD 27 reference) may
be used to adjust subsequent GPS baseline vectors
observed on WGS 84.

11-12. Rigorous Least Squares Adjustments of
GPS Surveys

Adjustment of GPS networks on PC-based software is
typically a trial-and-error process for both the free and
constrained adjustments. When a least squares adjustment
is performed on a network of GPS observations, the
adjustment software will provide 2D or 3D coordinate
accuracy estimates, variance-covariance matrix data for
the adjusted coordinates, and related error ellipse data.
Most software will provide relative accuracy estimates
(length and azimuth) between points. Analyzing these
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various statistics is not easy, and they are also easily mis-
interpreted. Arbitrary rejection and readjustment in order
to obtain a best fit (or best statistics) must be avoided.
The original data reject criteria must be established and
justified in a final report document.

a. When a series of loops are formed relative to a
fixed point or off another loop, different redundant condi-
tions are formed. (This is comparable to loops formed in
conventional differential level nets.) These different loops
allow forward baseline vector position computations to be
made over different paths. From the different routes
(loops) formed, different positional closures at a single
fixed point result. These variances in position mis-
closures from the different routes provide additional data
for assessing the internal consistency of the network, in
addition to checking for blunders in the individual base-
lines. The number of different paths, or conditions, is
partially related to the number of degrees of freedom in
the network.

(1) Multiple observed baseline observations also pro-
vide additional redundancy or strength to a line or net-
work since they are observed at two distinct times of
varying satellite geometry and conditions. The amount of
redundancy required is a function of the accuracy require-
ments of a particular survey.

(2) Performing a free adjustment on a complex net-
work containing many redundancies is best performed
using least squares methods. An example of such a net-
work is shown in Figure 11-4. Approximate adjustment
methods are difficult to evaluate when complex inter-
weaving networks are involved.

(3) Baseline reduction vector component error statis-
tics are usually carried down into the least squares adjust-
ment; however, their use is not mandatory for lower order
engineering surveys. GPS network least squares adjust-
ments can be performed without all the covariance and
correlation statistics from the baseline reduction.

(4) In practice, any station on the network can be
held fixed for the free adjustment. The selected point is
held fixed in all three coordinates, along with the orienta-
tion of the three axes and a network scale parameter.
Usually one of the higher order points on the existing
network is used.

b. Least squares adjustment software will output var-
ious statistics from the free adjustment to assist in detect-
ing blunders and residual outliers in the free adjustment.
Most commercial packages will display the normalized

residual for each observation (GPS, EDM, angle, eleva-
tion, etc.), which is useful in detecting and rejecting resid-
ual outliers. The variance of unit weight is also important
in evaluating the overall adequacy of the observed net-
work. Other statistics, such as tau, chi-square, confidence
levels, histograms, etc., are usually not significant for
lower order USACE engineering projects, and become
totally insignificant if one is not well versed in statistics
and adjustment theory. Use of these statistics to reject
data (or in reporting results of an adjustment) without a
full understanding of their derivation and source within
the network adjustment is ill-advised; they should be
“turned off” if they are not fully understood.

Figure 11-4. Free adjustment of a complex GPS
network

c. Relative positional and distance accuracy esti-
mates resulting from a free (unconstrained) geometric
adjustment of a GPS network are usually excellent in
comparison to conventional surveying methods. Loop
misclosures and relative distance accuracies between
points will commonly exceed 1:100,000.

d. Relative distance accuracy estimates between
points in a network are determined by error propagation
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of the relative positional standard errors at each end of the
line, as shown in Figure 11-4. Relative accuracy esti-
mates may be derived for resultant distances or azimuths
between the points. The relative distance accuracy esti-
mates are those typically employed to assess the free
(geometric) and constrained accuracy classifications,
expressed as a ratio, such as 1:80,000. Since each point
in the network will have its particular position variances,
the relative distance accuracy propagated between any two
points will also vary throughout the network.

(1) The minimum value (i.e., largest ratio) will gov-
ern the relative accuracy of the overall project. This
minimum value (from a free adjustment) is then compared
with the intended relative accuracy classification of the
project to evaluate compliance. However, relative dis-
tance accuracy estimates should not be rigidly evaluated
over short lines (i.e., less than 500 m).

(2) Depending on the size and complexity of the
project, large variances in the propagated relative distance
accuracies can result.

(3) When a constrained adjustment is performed, the
adequacy of the external fixed stations will have a major
impact on the resultant propagated distance accuracies,
especially when connections are made to weak control
systems. Properly weighted partially constrained adjust-
ments will usually improve the propagated distance
accuracies.

e. The primary criteria for assessing the adequacy of
a particular GPS survey shall be based on the relative dis-
tance accuracy results from a minimally constrained free
adjustment, not the fully constrained adjustment. This is
due to the difficulty in assessing the adequacy of the sur-
rounding network. Should the propagated relative accura-
cies fall below the specified level, then reobservation
would be warranted.

(1) If the relative distance accuracies significantly
degrade on a constrained adjustment (due to the inade-
quacy of the surrounding network), any additional connec-
tions to the network would represent a change in contract
scope. A large variance of unit weight usually results in
such cases.

(2) If only approximate adjustments are performed,
then the relative distance accuracies may be estimated as
a function of the loop or position misclosures, or the
residual corrections to each observed length. For exam-
ple, if a particular loop or line miscloses by 1 part in
200,000, then individual baseline relative accuracies can

be assumed adequate if only a 1:20,000 survey is
required.

f. Most commercial and Government adjustment
software will output the residual corrections to each
observed baseline (or actually baseline vector compo-
nents). These residuals indicate the amount by which
each segment was corrected in the adjustment. A least
squares adjustment minimizes the sum of the squares of
these baseline residual corrections.

(1) A number of commercial least squares adjust-
ment software packages are available which will adjust
GPS networks using standard IBM PC or PC-compatible
computers. Those commonly used by USACE Com-
mands include the following:

(a) TURBO-NET™, Geo-Comp, Inc., distributed by
Geodetic Enterprises, Inc., PO Box 837, Odessa, FL
33556, (813) 920-4045.

(b) Geo-Lab™, distributed by GEOsurv, Inc., The
Baxter Centre, 6-1050 Baxter Road, Ottawa, Ontario,
Canada K2C 3P1, (613) 820-4545.

(c) FILLNET™, distributed by Ashtech, Inc.,
1156-C Aster Avenue, Sunnyvale, CA, 94086,
(408) 249-1314.

(d) ADJUSTTM, an adjustment program distributed
by the National Geodetic Survey Information Center,
Rockville, MD 20852.

(e) TRIMNETTM, distruibuted by Trimble Naviga-
tion, Inc., 645 North Mary Avenue, P.O. Box 3642,
Sunnyvale, CA, 94088-3642, (1-800-TRIMBLE).

(f) STAR*NETTM, distributed by STARPLUS
SOFTWARE, INC., 460 Boulevard Way, Oakland, CA,
94610, (510) 653-4836).

Annotated sample adjustment outputs from two commer-
cial packages are shown in Figures 11-5 and 11-6.

(2) Relative GPS baseline standard errors can be
obtained from the baseline reduction output and, in some
software (i.e., Geo-Lab), can be directly input into the
adjustment. These standard errors, along with their cor-
relations, are given for each vector component (in X, Y,
and Z). They are converted to relative weights in the
adjustment. FILLNET allows direct input of vector com-
ponent standard errors in a ±x + y ppm form. Correla-
tions are not used in FILLNET. The following typical
input (a priori) weighting is commonly used in FILLNET:
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Figure 11-5. TRIMNET sample adjustment output (Sheet 1 of 6)
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Figure 11-5. (Sheet 2 of 6)
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Figure 11-5. (Sheet 3 of 6)
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Figure 11-5. (Sheet 4 of 6)
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Figure 11-5. (Sheet 5 of 6)
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Figure 11-5. (Sheet 6 of 6)
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Figure 11-6. FILLNET sample adjustment output (Sheet 1 of 3)
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Figure 11-6. (Sheet 2 of 3)
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Figure 11-6. (Sheet 3 of 3)
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(a) Fixed: ±3 mm (Lat) ± 5 mm (Long) + 1 ppm
±5 mm (Height) + 1 ppm

(b) Float: ± 6 mm (Lat) ± 10 mm (Long) + 2 ppm
± 10 mm (Height) + 2 ppm

The optimum standard errors shown have been found to
be reasonable in standard USACE work where extremely
long baselines are not involved. Use of these optimum
values is recommended for the first adjustment iteration.

(3) The adequacy of the initial network weighting
described in (2) above is indicated by the variance of unit
weight (or variance factor in Geo-Lab) which equals the
square of the standard error of unit weight (FILLNET).
The variance of unit weight should range between 0.5 and
1.5 (or the standard error of unit weight should range
between 0.7 and 1.2), with an optimum value of 1.0 signi-
fying realistic weighting of the GPS input observations.
A large unit variance (say 5.0) indicates the initial GPS
standard errors were too optimistic (low). A low unit
variance (say 0.1) indicates the results from the adjust-
ment were better than the assumed GPS baseline preci-
sions used. This unit variance test, however, is generally
valid only when a statistically significant number of
observations are involved. This is a function of the num-
ber of degrees of freedom shown on the adjustment. To
evaluate the adequacy of the unit weight, a test such as
chi-square in Geo-Lab is performed. Failure of such a
test indicates the variance factor statistic may not be sta-
tistically valid, including any rejections made using this
value.

(4) The input standard errors can easily be juggled in
order to obtain a variance of unit weight near 1.0. This
trial-and-error method is generally not a good practice. If
the input weights are changed, they should not be modi-
fied beyond reasonable levels (e.g., do not input a GPS
standard error of ±50 + 50 ppm in order to get a good
unit variance). If input standard errors are modified, these
modifications should be the same for all lines, not just
selected ones. Any such modifications of a priori stan-
dard errors must be justified in the adjustment report.

(5) Changing the magnitude of the input standard
errors/weights will not change the adjusted position or
residual results in a free adjustment provided all weight
changes are made equally. Although the reference vari-
ance will change, the resultant precisions (relative line
accuracies) will not change. (This is not true in a con-
strained adjustment.) Therefore, the internal accuracy of a
survey can be assessed based on the free adjustment line

accuracies regardless of the initial weighting or variance
of unit weight.

(6) The magnitude of the residual corrections shown
in the sample adjustments may be assessed by looking for
blunders or outliers; however, this assessment should be
performed in conjunction with the related normalized
residual (FILLNET) or standardized residual (Geo-Lab)
statistic. This statistic is obtained by multiplying the
residual by the square root of the input weight (the
inverse of the square of the standard error). If the obser-
vations are properly weighted, the normalized residuals
should be around 1.0. Most adjustment software will flag
normalized residuals which exceed selected statistical
outlier tests. Such flagged normalized residuals are candi-
dates for rejection. A rule-of-thumb reject criterion
should be set at three times the standard error of unit
weight, again provided that the standard error of unit
weight is within the acceptable range given in (3) above.
All rejected GPS observations must be justified in the
adjustment report clearly describing the test used to
remove the observation from the file.

(7) Error ellipses, or 3D error ellipsoids, generated
from the adjustment variance-covariance matrices for each
adjusted point in Geo-Lab are also useful in depicting the
relative positional accuracy. The scale of the ellipse may
be varied as a function of the 2D deviation. Usually a
2.45-σ, or 95 percent, probability ellipse is selected for
output. The size of the error ellipse will give an indica-
tion of positional reliability, and the critical relative dis-
tance/azimuth accuracy estimate between two adjacent
points is a direct function of the size of these positional
ellipses.

(8) The relative distance accuracy estimates (i.e.,
relative station confidence limits in Geo-Lab and esti-
mates of precision in FILLNET) are used to evaluate
acceptability of a survey. This is done using a free
adjustment. The output is shown as a ratio (FILLNET) or
in parts per million (Geo-Lab). Note that FILLNET uses
a 1-σ line accuracy. The resultant ratios must be divided
by 2 in order to equate them to FGCS 95 percent criteria.
Geo-Lab is set to default to the 95 percent level.

(9) Further details on these statistical evaluations are
beyond the scope of this manual. Technical references
listed under paragraph A-1 should be consulted.

g. The following is a summary of a network adjust-
ment sequence recommended by the NGS for surveys
which are connected with the NGRS:
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(1) A minimally constrained 3D adjustment is done
initially as a tool to validate the data, check for blunders
and systematic errors, and to look at the internal consis-
tency of the network.

(2) A 3D horizontal constrained adjustment is per-
formed holding all previously published horizontal control
points fixed and one height constraint. If the fit is poor,
then a readjustment is considered. All previous observa-
tions determining the readjusted stations are considered in
the adjustment.

(3) A fully constrained vertical adjustment is made to
determine the orthometric heights. All previously pub-
lished benchmark elevations are held fixed along with one
horizontal position in a 3D adjustment. Geoid heights are
predicted using the latest model.

(4) A final free adjustment is performed in which
relative accuracy estimates are computed.

11-13. Evaluation of Adjustment Results

A survey shall be classified based on its horizontal point
closure ratio, as indicated in Table 11-1 or the vertical
elevation difference closure standard given in Table 11-2.

Table 11-1
USACE Point Closure Standards for Horizontal
Control Surveys

Point Closure Standard
USACE Classification (Ratio)

Second Order Class I 1:50,000
Second Order Class II 1:20,000
Third Order Class I 1:10,000
Third Order Class II 1: 5,000
4th Order - Construction Layout 1: 2,500 - 1:20:000

Table 11-2
USACE Point Closure Standards for Vertical Control Surveys

Point Closure Standard
USACE Classification (mm)

Second Order Class I 6mm K
Second Order Class II 8mm K
Third Order 12mm K
4th Order - Construction Layout 24mm K

( K is square root of distance K in kilometers)

a. Horizontal control standards. The horizontal
point closure is determined by dividing the linear distance
misclosure of the survey into the overall circuit length of

a traverse, loop, or network line/circuit. When indepen-
dent directions or angles are observed, as on a conven-
tional survey (i.e., traverse, trilateration, or triangulation),
these angular misclosures may optionally be distributed
before assessing positional misclosure. In cases where
GPS vectors are measured in geocentric coordinates, then
the 3D positional misclosure is assessed.

(1) Approximate surveying. Approximate surveying
work should be classified based on the survey’s estimated
or observed positional errors. This would include abso-
lute GPS and some differential GPS techniques with posi-
tional accuracies ranging from 10 to 150 ft (2DRMS).
There is no order classification for such approximate
work.

(2) Higher order surveys. Requirements for relative
line accuracies exceeding 1:50,000 are rare for most
USACE applications. Surveys requiring accuracies of
First-Order (1:100,000) or better should be performed
using FGCS standards and specifications, and must be
adjusted by the NGS.

(3) Construction layout or grade control (Fourth-
Order). This classification is intended to cover temporary
control used for alignment, grading, and measurement of
various types of construction, and some local site plan
topographic mapping or photo mapping control work.
Accuracy standards will vary with the type of construc-
tion. Lower accuracies (1:2,500 - 1:5,000) are acceptable
for earthwork, dredging, embankment, beach fill, and
levee alignment stakeout and grading, and some site plan,
curb and gutter, utility building foundation, sidewalk, and
small roadway stakeout. Moderate accuracies (1:5,000)
are used in most pipeline, sewer, culvert, catch basin, and
manhole stakeout, and for general residential building
foundation and footing construction, major highway pave-
ment, and concrete runway stakeout work. Somewhat
higher accuracies (1:10,000 - 1:20,000) are used for align-
ing longer bridge spans, tunnels, and large commercial
structures. For extensive bridge or tunnel projects,
1:50,000 or even 1:100,000 relative accuracy alignment
work may be required. Vertical grade is usually observed
to the nearest 0.005 m for most construction work,
although 0.04-m accuracy is sufficient for riprap place-
ment, grading, and small-diameter-pipe placement. Con-
struction control points are typically marked by
semi-permanent or temporary monuments (e.g., plastic
hubs, P-K nails, wooden grade stakes). Control may be
established by short, nonredundant spur shots, using total
stations or GPS, or by single traverse runs between two
existing permanent control points. Positional accuracy
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will be commensurate with, and relative to, that of the
existing point(s) from which the new point is established.

b. Vertical control standards.The vertical accuracy
of a survey is determined by the elevation misclosure
within a level section or level loop. For conventional
differential or trigonometric leveling, section or loop
misclosures (in millimeters) shall not exceed the limits
shown in Table 11-2, where the line or circuit length (K)
is measured in kilometers. Fourth-Order accuracies are
intended for construction layout grading work. Procedural
specifications or restrictions pertaining to vertical control
surveying methods or equipment should not be over-
restrictive.

11-14. Final Adjustment Reports and Submittals

a. A variety of free and/or constrained adjustment
combinations may be specified for a contracted GPS
survey. Specific stations to be held fixed may be indi-
cated or a contractor may be instructed to determine the
optimum adjustment, including appropriate weighting for
constrained points. When fixed stations are to be partially
constrained, then appropriate statistical information must
be provided--either variance-covariance matrices or rela-
tive positional accuracy estimates which may be converted
into approximate variance-covariance matrices in the con-
strained adjustment. All rejected observations will be

clearly indicated, along with the criteria/reason used in the
rejection.

b. When different combinations of constrained
adjustments are performed due to indications of one or
more fixed stations causing undue biasing of the data, an
analysis shall be made as to a recommended solution
which provides the best fit for the network. Any fixed
control points which should be readjusted to anomalies
from the adjustment(s) should be clearly indicated in a
final analysis recommendation.

c. The final adjusted horizontal and/or vertical coor-
dinate values shall be assigned an accuracy classification
based on the adjustment statistical results. This classifica-
tion shall include both the resultant geodetic/Cartesian
coordinates and the baseline differential results. The final
adjusted coordinates shall state the 95 percent confidence
region of each point and the accuracy in parts per million
between all points in the network. The datum and/or
SPCS will be clearly identified for all coordinate listings.

d. Final report coordinate listings may be required
on hard copy as well as on a specified computer media.

e. It is recommended that a scaled plot be submitted
with the adjustment report showing the proper locations
and designations of all stations established.
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